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Problem Statement 1

� Create algorithms for networked environments that are
� large 
� dynamic
� heterogeneous

� Examples:
� Internet
� ad hoc networks
� sensor networks (sensor web)
� grid
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Problem Statement 2

� Specific problems in these environments 
require „intelligent”, cheap and adaptive 
solutions

� Some possible areas of applications: search 
routing, membership service, groupware, data 
sharing, load balancing, directory service,
distributed games, control, monitoring, data 
mining, learning, overlay topologies, anonymity 
(„freedom of speech”), scientific computing,
etc… (also: worms, spamming, spyware, etc…)
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The Vision: bio-inspired, 
reusable simple components 

� Autonomic computing (IBM): large, dynamic 
networked computer systems should be 
more life-like (self-management, self-
organization, self-repairing, self-etc.) to 
save costs and increase reliability
� traditional engineering (add-on): IBM flavour

� „grassroot” self-management (emergence):
bio-inspired flavour
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Relevant Scientific Communities
� Complex networks
� P2P computing
� agent based computing
� grid computing
� distributed datamining
� fault tolerant computing
� autonomic computing
� distributed computing
� etc.
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Push-Pull Gossip based 
Communication Model

/ /  act i ve t hr ead
do f or ever

wai t ( T t i me uni t s)
peer  = sel ect RandomNei ghbor ( )
send st at e t o peer
r ecei ve peer . st at e f r om peer
st at e = ( st at e+peer . st at e) / 2

/ /  passi ve t hr ead
do f or ever

( peer , peer . st at e)  = wai t Message( )
send st at e t o peer
st at e = ( st at e+peer . st at e) / 2
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Basic operation
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Basic operation
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Basic operation
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Applications
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The averaging protocol can compute any mean value of the form

These include the following means
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Applications

� The averaging protocol can compute any aggregate 
that can be expressed by a function of some means

For instance
� variance: using avg. and avg. of squares
� network size: 1/average if only one node holds 1 the

rest 0
� sum: network size times average
� any n-th moment: using n-th power averages
� coefficients of mathematical models like linear 

regression
� statistical tests
� etc.
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Applications: Load Balancing

� Fast average calculation provides desired 
load (fast, cheap but not optimal)

� Slow load balancing based on the 
knowledge of desired load (slow, expensive 
but optimal)

� Another example of “two time scales”
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Some Observations and 
Questions

� The procedure is convergent if the graph is
connected

� Each node converges to the average of the 
original values

� How fast is convergence on different 
topologies?

� Which topology is optimal?
� What are the key features of a topology that 

determine the speed of convergence?

� What are the effects of node/link failure?
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Some Answers

� On the fully connected topology 
convergence speed is exponential

� On a random topology it is practically 
exponential

� Node failure is not critical
� Link failure is not critical
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Framework

do f or ever
wai t ( get Wai t i ngTi me( ) )
nj  = sel ect RandomNei ghbor ( )
/ /  per f or m el ement ar y aggr egat i on st ep
send a[ i ]  t o nj
r ecei ve a[ j ]  f r om nj
a[ i ]  = ( a[ i ]  + a[ j ] ) / 2

A local
protocol

do N t i mes
( i ,  j )  = get Pai r ( )
/ /  per f or m el ement ar y aggr egat i on st ep
a[ i ]  = a[ j ]  = ( a[ i ]  + a[ j ] ) / 2

A global
translation
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The base theorem

� Each pair of values selected by the index pairs returned
by each call to get Pai r are uncorrelated,

� the random variables                  are identically 
distributed. Let     denote a random variable with this 
common distribution,

� After (i, j) is returned by get Pai r the number of times i
and j will be selected by the remaining calls to 
get Pai r has identical distribution.

IF:

Njj ,,1 �
j

THEN:
)()2()( 22

1 ii EEE ss j-
+ »
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Convergence factor

� get Pai r defined by the local protocol when 
each node contacts a peer regularly

� A local corresponding protocol exists

P(j = j ) =
1

( j - 1)!
e- 1 ® E(2- j ) =

1
2 e
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Link Failures

� Any given link fails with probability Pd

� The effect of this is only slowdown. In 
particular the rate can be bounded as follows

)()( 22
1 ii EE srs =+if then

r d £
1
e
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�  

1- Pd

= ePd - 1
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Conclusions

� Scalability: results independent of N
� Efficiency: convergence is very fast
� Robustness: the algorithm is highly robust 

to both node and link failure
� Wide possibility of applications
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Topologies
� Watts-Strogatz small world

� start with a ring lattice topology
� rewire each edge with probability B

� Scale free
� start with a small fully connected topology
� for new nodes select neighbors with a probability proportional 

to their degree

� random k-regular
� each node has k random neighbors

� newscast
� gossip based dynamic protocol to maintain a random overlay 

network
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Random

Aggregation

newscast
impl

Gossip based
Aggregation

impl

Modular topology management 

� Build aggregation on top of a “topology manager” 
such as newscast that builds and maintains a 
near-random topology in a dynamic environment
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Example problem: network size

� calculate 1/average, where one node holds
1 the rest 0

� any node can initiate the computation (with 
low probability). The initiator will holds 1, the
rest 0

� stopping criteria: fixed number of cycles
� failures: we examined node and link failures 

to validate theoretical results
� network size was 100 000 in all experiments
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An “all in one” experiment

� size oscillates between 80 000 and 120 000
� 100 nodes are replaced in each cycle
� 5% of the messages are lost
� 20 concurrent instances of the protocol are 

run to smooth out the estimation
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Conclusions

� interaction of function and communication 
topology is crucial

� the presented protocol is fast, scalable and 
robust

� aggregation can be applied on its own right 
or as a component of a complex function
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Generalizations

� gossip based protocols
� aggregation (as seen here)

� broadcast, multicast
� monitoring

� topology management (eg newscast)

� the model is similar to a CA
� periodic local interaction with neighbors
� but not synchronized and on arbitrary 

topologies
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Applications
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Open problem
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Characterize the functions g and u for which
function g is constant over time (i)

The empirical variance goes to zero (and preferably fast)

Where the probabilistic transition function (based on a
randomly drawn k and l) is
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